We developed a walking assistance apparatus which can be used for neuro-rehabilitation of patients. This apparatus assists only the ankle joints of the equipped person while walking. The apparatus attaches the motor on the waist of the equipped person and the flexible shaft transmits the torque of the motor to the self lock less worm gear on the ankle joint. By using this apparatus, the dorsiflexion and plantarflexion of the ankle joint of the equipped patients could be increased while walking. Therefore, the heel contact could be recovered and stumbling could be prevented. Furthermore, the length of the stride of the equipped patients was increased and the posture was raised according to gait training with the apparatus. We found that this apparatus can improve the gait of the equipped person while walking.
Introduction
In Japan, there are many apoplexy patients (1.3 million people per year). Neuro-rehabilitation, which repairs the neural circuits by directly inputting movement into the body, has attracted attention, and numerous training machines have been developed. Neuro-rehabilitation is neuroscience based rehabilitation. In the case of walking, when the ideal leg gait motion for a motor palsy patient is input by using a gait assistance device, the subject regains his/her motor function, and the motion activates the subject's brain in the undamaged area. Then the neural network of the brain is reconstructed. However, most of these apparatuses require the motor palsy patient to remain stationary during use (e.g., Colombo, et al., 2000) . Many conventional devices (Zoss, et al., 2006) (Sankai, 2010) (Yonetake and Toyama, 2005) are fixed to arms and legs tightly, and most of these devices do not equip the actuator for assisting TA (Tibialis Anterior muscle) which is used in the dorsiflexion of ankle joint and the most fatigable muscle. To address the needs and problems noted above, we developed a new restraint free and whole body motion support type mobile suit . This suit can be used separately for supporting the upper (Tanaka, et al., 2014) and/or lower limbs (Tanaka, et al., 2012) and for assisting in ADL (Activities of Daily Living).
Furthermore, to carry out gait training for hemiplegic patients, it is necessary to reduce the weight of the apparatus which is attached to the patient's leg. To address this problem, we developed a walking assistance apparatus using a flexible shaft (Ikehara, et al., 2010) . This walking assistance apparatus can raise the user's leg utilizing stretch reflex to bi-articular muscle of the user by only assisting ankle joint (Tanaka, et al., 2015) . By using this apparatus, medical doctors confirmed the effectiveness (Kimura, et al., 2013) (Magaki, et al., 2015) . In this paper, we utilized this apparatus for gait training of able bodied people and hemiplegic patients, and the effectiveness of the apparatus is shown by measuring the angle variations of joints and the length of the stride. Figure 1 shows the comparison between ideal gait and hemiplegic gait. Ideal gait has four points of the feature; straight posture, long stride, heel contact by dorsiflexion, and kicking ground by plantarflexion. On the other hand, hemiplegic gait also has four points of the feature; droopy posture, toe contact by equinus foot (Fig. 3 left) , inadequacy of plantarflexion, and circumductive foot. Especially, equinus foot is dangerous for walking, because it is easy to stumble and falling. It is most important for hemiplegic patient to recover heel contact, therefore, we developed the ankle motion support type of walking assistance apparatus.
Walking assistance apparatus for neuro-rehabilitation of the patients 2.1 Design concept of the apparatus
For gait training of hemiplegic patients, it is necessary to reduce the weight of the apparatus which is attached to the patient's leg. To address this problem, we developed a walking assistance apparatus which was attached a motor drive device to a AFO (Ankle Foot Orthosis) for assisting the ankle motion in Fig. 2 . It can raise the user's leg utilizing stretch reflex to bi-articular muscle of the user, by only assisting the ankle joint as shown in Fig. 2 . The mechanism of raising a leg only by assisting the ankle joint can be explained as follows (Fig. 3 right) : 1) By the dorsiflexion of the ankle joint by the apparatus, GMH (Medial Head of Gastronemius muscle) of bi-articular muscle is diminished by stretch reflex, and the knee joint is inflected. 2) By inflecting the knee joint, RF (Rectus Femoris muscle) of bi-articular muscle is also diminished by stretch reflex, and the foot is raised. By utilizing this method, the actuator for the knee joint does not have to be equipped and the load on the user's leg can be decreased. 
Mechanical and control system of the apparatus
The motor of this apparatus is attached to the waist belt of the user, and the output torque of the motor is transmitted by the flexible shaft to the worm gear box on the ankle joint. The flexible shaft can bend but it can also transmit the torque with 95% efficiency. To convert the direction of the shaft rotation to a right angle, we used a worm
Ideal gait
Hemiplegic gait gear, because the width of the gearbox is smaller than a bevel gear. We used the multiple type worm gear as show in Fig.4 , to prevent the self lock phenomenon for the safety of the user. Furthermore, to obtain a high efficiency, a helical gear is used as a worm wheel. By using the helical gear for meshing with the worm gear, the area of contact decreases. The gear we used is at about 70% efficiency. Generally, the efficiency of the normal gear pair of a worm gear and a worm wheel is under 50%. Because the area of contact of this gear pair is larger than that of ours. However, our gear pair's stress is larger than normal, therefore our gear pair's lifetime limit is shorter than normal. This apparatus is controlled with a SH4 computer, whose OS is ART-LINUX. This system can use a hybrid control method, torque and angle control by measuring the output torque from the angle variation data from both ends of the flexible shaft (Ikehara, et al., 2010) . To estimate the walking phase of each leg of the user, pressure sensors were attached under the thenar eminence and the heel of the sock liner as shown in Fig. 5 and the pressure variation at each sensing point was measured. 
Measurement experiment of the variation of each joint of the able bodied person
To confirm the effectiveness of the apparatus, we carried out the walking experiment while wearing the device. Subjects were ten able bodied people (9 people: 20s, 1 person: 30s). At first, subjects walked normally for 10 [m] without using the device. Next, subjects wore the device and walked, but the device wasn't activated. This test is equal to walking using an AFO. Finally, they walked 10 [m] while using the device which was activated. We recorded video from the side angle of walking. We analyzed three angle variations; ankle, knee, and hip. We measured angle variations of each joints from the video, and divided by each cycle from the data of pressure sensors. Furthermore, this data was divided into 20 phases, and calculated the average values of each phase. Figure 6 , 7 and 8 show the measurement result of the angles of the user's hip, knee and ankle joints. Our apparatus was made by utilizing an AFO, and usually hemiplegic patients equip this kind of type because the dorsiflexion of the ankle joint increases to prevent stumbling at the phase change from swing phase to stance phase as shown with the blue line in Fig. 8 . As a result, by only equipping the AFO, the dorsiflexion of the ankle joint increased, however, at the terminal of the swing phase, the dorsiflexion could not be maintained. The plantarflexion of the ankle joint at the phase change from swing phase to stance phase decreased, and the knee joint angle in the swing phase decreased from the blue line in Fig. 7, i. e., the stride was diminished. 
Sock liner
On the contrary, from the result of green line in Fig. 8 , by assisting the ankle joint, the dorsiflexion of the ankle joint was maintained and the angle of the knee joint was restored as shown with green line in Fig. 7 . Furthermore, hip flexion while swing phase increased. Therefore, we can understand that the foot is raised by using the apparatus. We recorded video from the side and front angles of walking. We analyzed two angle variations; ankle joint from the side angle and hip joint from the front angle. We measured angle variations of each joints from the video, and divided each cycle from the data of pressure sensors. Figure 9 (left) shows the result data of the measured mean ankle joint data of Patient A. From this figure, he was talipes equius except in the range from 30 to 50 [%] of the walking phase (the data of without device, red line). However, after walking with the apparatus for 5 minutes, the dorsiflexion range was extended from 20 to 60 [%] (the data of with device, blue line). This range was in stance phase, therefore, the patient could make contact from heel to toe on the ground the whole time in stance phase. Furthermore, after 40 minutes from the start of walking while wearing the device, at the range from 70 to 100 [%] during swing phase, he could increase the dorsiflexion, therefore, he improved to safety gait. The result data of Patient B is shown in Fig. 9 (right) . From the data without the device (red line), he could not achieve dorsiflexion in swing phase. However, by attaching the device for only 5 minutes, in the range from 70 to 100 [%] in swing phase, dorsiflexion increased. Furthermore, after 10 minutes, at the range from 65 to 85 [%] between stance and swing phase, plantarflexion increased as shown in Fig. 9 (right) . From this improvement, he was able to kick the ground strongly, his stride expanded, and his walking cycle diminished, therefore, his gait became closer to an able bodied person's gait. From these results, we confirmed the effectiveness of this walking apparatus. Figure 10 shows the relation between the training time and the angle of the hip joint for abduction. Especially, Patient A and D were heavy circumductive gait. The variations of the angle of the hip joint before using the device and after using device were compared. In this graph, when its time to start training with the device, it is defined as 0 [min], therefore, the plots before 0 [min] are the experiments without the device. As shown in Fig. 10 , apparently the angle decreased by using the device. However, after 20 [min] of starting training with the device, both angle data of patients A and D were slightly increased than former plotted data. From their comments, at the beginning of gait training with device, they were conscious of the gait which was improved by the device, however, according to the continuing the training over 20 [min] , they accustomed the device and they were likely to walk by usual gait (circmductive gait) again unconsciously. To achieve more effectiveness of this gait training, it is necessary not only to keep motivation for this training but also to tune of decreasing the targeted cycle and increasing the targeted angle according to the condition of the subject. Figure 11 shows the relation between the training time and the length of stride. Figure 12 shows the posture while walking. From the recorded video from the side angle of walking, the pictures of each subject at almost same phase (Start of double stance phase) were extracted. These lines were drawn by connecting the markers on subjects. By using the device, the gait of Patients B and C improved in a moment and his droopy posture changed to straight posture. Especially, in the case of Patient C, the length of stride extended obviously according to the training time and the posture made a strong recovery.
From these results, by using our developed device, the gait of the patients improved and we confirmed the effectiveness of the device. 
Conclusions
We developed the walking assistance apparatus for neuro-rehabilitation of hemiplegic patients by assisting only ankle joint. We carried out the measuring experiment for able bodied people and hemiplegic patients of the variation of Angle of ankle joint [deg] Walking phase [%] with device after 5min.
with device after 10min. joints and length of stride while walking with the apparatus. From these results, by using this apparatus, the dorsiflexion and plantarflexion of the ankle joint of the equipped people not only patients but also able bodied people could be increased while walking. The circumductive gait of patients was recovered simultaneously. Furthermore, in the case of Patient D (Brs: 6), the length of the stride was increased obviously and the posture was raised from drooping posture to straight posture according to gait training with the apparatus. We found that this apparatus can improve the gait of the equipped person while walking.
